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KESAN LEMBAPAN TERHADAP FILAMEN AKRILONITRIL BUTADI ENA
STIRENA (ABS) YANG DIGUNAKAN DALAM MODEL LAKURAN

MENDAPAN (FDM) MESIN PEMPROTOTAIPAN PANTAS (RP)

ABSTRAK

Akrilonitril butadiena stirena (ABS) adalah sejemésmoplastik yang menjadi rapuh
selepas beberapa bulan atau minggu, apabila tdérdeada lembapan udara. Oleh
kerana termoplastik ini bersifat higroskopik, bahiantidak dapat digunakan dalam
Model Lakuran Mendapan (FDM) apabila terdedah pladsbapan udara. Oleh itu,
kajian mengenai kesan kelembapan dalam filamen Alj&8lankan. Eksperimen
dijalankan dengan membiarkan ABS filamen pada lgrabaintuk suatu waktu tertentu.
Selepas dibiarkan untuk suatu tempoh tertentu, nkésabapan udara pada fizikal,
termo mekanikal, reologi, dan struktur molekul fredoan diperhatikan. Diameter dan
berat perubahan filamen diukur untuk menilai keaesuABS untuk digunakan dalam
FDM liquefier. Perbezaan ukuran berat yang dilakukuntuk melihat keupayaan
menyerap lembapan keupayaan penyerapan ABS. Selmpiesiah untuk suatu masa
tertentu, filamen diameter ABS meningkat sehing@8% (untuk keadaan sekeliling)
dan 1.86% (bagi keadaan lembapan rendah) dari mkdieaneter yang diterima dari
pengeluar. Menggunakan DSC, sifat termo-mekanistglskgi suhu peralihan kaca (Tg)
didapati menurun dari masa ke masa dalam semuad&eadam sekitar. Anjakan suhu
ke sebelah kiri dalam data kasar DSC menunjukkamump@an Tg. FTIR analisis
dilakukan untuk melihat kehadiran ikatan O-H akibahyerapan lembapan. lkatan O-H
wujud akibat serapan lembapan seperti yang ditajukdi rantau 3600-3200 ¢m
Reometer kapilari digunakan untuk memerhati tingkaltu aliran lebur ABS. ABS
filamen terdedah kepada keadaan basah menunjuldtédatkn tertinggi (adalah antara
52.6-258 Paes) manakala ABS filamen terdedah kepaddaan kering menunjukkan
kelikatan rendah (adalah antara 49.65-212 PaesjlaBarkan simulasi pada FLUENT,
profil suhu kekal malar di sepanjang liquefier itikelikatan berkurangan dengan

peningkatan tegasan ricih, bersetuju dengan datae#aperimen kapilari reometri.

Xi



Kesimpulannya, lembapan udara menyumbang kepadmsdéen filamen ABS yang
akan digunakan dalam FDM. Bukan itu sahaja, sitdiahdan reologi filamen ABS

selepas terdedah kepada lembapan merosot terukjaskgn kecekapan FDM.
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EFFECTS OF MOISTURE ON ACRYLONITRILE BUTADIENE STYR ENE
(ABS) FILAMENT MATERIAL IN FUSED DEPOSITION MODELIN G (FDM)

RAPID PROTOTYPING (RP) MACHINE

ABSTRACT

Acrylonitrile butadiene styrene (ABS) is a type tbermoplastic that becomes brittle
after a few months or even weeks, when left outsloDue to its hygroscopic nature,
this material gradually degrades and becomes waideifor use in Fused Deposition
Modeling (FDM). In this work, a study on the effeaf moisture in ABS properties is
conducted. Experiments were conducted such treahéhts were exposed to different
types of humidity conditions for a certain amouffittime. Experimental test on the
effect of moisture on physical, thermo mechanida¢ological, and chemical structure
changes were observed. The filaments’ diametervegight changes are measured to
assess the ABS’s suitability for use in FDM ligeefiWeight difference measurement
was done to observe the material’s moisture saormtality. After being exposed for a
certain amount of time, the ABS filament diametereased up to 3.93% (for ambient
condition) and 1.86% (for desiccated environmertinfits as-received diameter. Using
DSC, thermo-mechanical behavior, in terms of gkaassition temperature ¢ was
found to decrease over time in all environmentalditions. Raw data curve shifted to
the left indicates a decrease iy FTIR analysis was done to observe the presenCe of
H bond with moisture absorption by the filament.HObond exists with moisture
absorption as shown in region 3600-3200‘cnCapillary rheometer was used to
observed melt flow behavior. ABS filament exposedwet condition showed the
highest viscosity (ranged between 52.6 to 258 Ralege ABS filament exposed to dry
condition showed the lowest viscosity (ranged betwd9.65 to 212 Paes). Based on
simulations on FLUENT, temperature profiles remdineonstant throughout the
liquefier. Viscosity decreases as with increaseh#ar stress, agreeing to the data from
rheometry experiment. In summary, moisture causgsadlation of ABS to the extent

that it becomes unfit for use in RP due to decr@asigermal and rheological properties.

Xiii



Chapter 1: Introduction

In this work, a study on the effects of moisturetlom Acrylonitrile Butadiene
Styrene (ABS) filament material for Fused DepositModeling Rapid Prototyping
is conducted. Investigation of the bonding behaaiod melt flow behavior of the
material in the FDM 3000 liquefier is also descdbé&inite element model of the
melt flow channel is generated in FLUENT softwdtgperiments will be carried out
to measure the moisture level of ABS when exposedifferent humidity level
which will be used to investigate the melt flow beior and bonding behavior. The
FEA gives the result of pressure drop, velocity temdperature profile of the ABS

along the melt flow channel.

1.1 Rapid Prototyping
Before studying further into the fused depositioadeling (FDM), which is

one of the types of rapid prototyping systems, amest be familiar with rapid
prototyping itself. Being in the 21century, rapid prototyping (RP) has become one
of the fastest growing manufacturing technologmsfébrication of cost effective
models, prototypes and parts ready to be used nmacial products [1-3]. This
technology has been dated back to 1988 with theganee of the first RP system,
stereo lithography apparatus (SLA). It is a fanolyfabrication methods to make
engineering prototypes in minimum possible leadenased on a computer aided
design (CAD) model of an item. Before there wasdggpototyping, machining was

used to fabricate parts which require long leacesimvhich could lasts up to weeks



or more. Hence, with rapid prototyping, parts apéeao be produced in hours or

days rather than weeks which shorten productioe.tim

1.2 Physical and Virtual Prototyping

Rapid prototyping technologies came to due to tlo&ivation of needing to
have a physical model of a new part or productgiesather than a computer model
or drawing. Due to the lack of ability to visualitge part from a virtual prototype,
the technology came to arise. An increased conmetin an increasingly fast
changing and customized product demand environimesnialso boosted the use for

this rapid prototyping technology.

There are two ways of creating a prototype. Onebysphysical rapid
prototyping and the other one is by virtual propatyg. The basic categories of rapid
prototyping involve material removal processes araderial addition processes [4].
Material removal RP alternative involves machinizugd a usage of a dedicated
computer numerical control (CNC) machine that isailable to the design
department in short notice. Primarily, milling ardtilling uses this kind of
technology in designing and producing parts. Mateaiddition process signifies a
new era of three dimensional physical model fatinos. The additive rapid
prototyping processes are also termed as ‘layer@aufacturing’ process. Material
additive process generates less waste comparedateriah removal process as
materials are added layer by layer instead of rengoN layer by layer. Hence, this

process is much preferred than material removatgqa® when used to produce



prototypes. A more detailed study on the types Bfsigstems will be discussed later

in Chapter 2 (Section 2.2).

1.3 Fused Deposition Modeling

Fused Deposition Modeling (FDM) is used to turn poer-aided-design
(CAD) geometry into models that can be used foigiesiew, manufacturability
studies, investment casting pattern and marketing.this study, FDM 3000
manufactured by Stratasys Incorporated is usedir€ig.1 below shows the FDM

3000 made by Stratasys Incorporated.

Figure 1.1: Fused Deposition Modeling machine FDMBfanufactured by
Stratasys Incorporated



1.3.1 ABSmaterial on FDM machine

ABS filament is the core material for all FDM-basedchines. It is a durable
‘engineering grade’ plastic which has gained Ssygacompany and its machines a
reputation for being able to produce some of thestntwmrdwearing prototypes
available [5]. This amorphous thermoplastic is Uguased in FDM as an
application for concept models, form-fit functi@nap-fits or vacuum metallization
due to its hardwearing nature of the material dadfinal product accuracy that can
be achieved when using this material. Amorphoussy known as non-crystalline is
a characteristic where the polymer lacks the lamge order characteristics of a
crystalline structure. Due to its reproducibilityytbe feature details, this plastic can
also be used as basis for post-build processes asiatlectroplating, investment

casting and as masters for vacuum casting and rigrmi

ABS has a default standard color of white but theme also other colors
available for special needs. Alongside with thigenal, the company also produces
another derivative, which is the ABSi. It has theng properties as the standard ABS
but with a finer feature detail, smoother finishdaa semi-translucent appearance.
Figure 1.2 below shows a chemical structure of ABS. There are also blends of
ABS such as PC-ABS (polycarbonate-ABS) that consbihe strength of a PC and

the flexibility of the ABS.
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Acrylonitrile Butadeine Styrene

Figure 1.2: Chemical structure of ABS



1.4 Past related works

There were very limited past works that discussedhe effects of moisture
on the ABS although there are a number that discugse ABS used in FDM and
their composite properties applied in the machimbere were several users’
experiences [61] indicate frequent machine failtoeFDM liquefier where ABS
material properties play a vital role contributitaythe failure. No work has been
done to study the effects of moisture on ABS probperwhich contributed to
changes in FDM liquefier. A more detailed discussion past works will be

discussed further in Chapter 2.

1.5 Contribution of thisresearch

This research may be useful for those who are edred data to use as a
basis for maintaining the FDM 3000 machine partidyl students and people who
own these machine. Researchers and users of therR@tiine can also use the data
as a basis for further research. This research atsy be used to have a basic
understanding on how material storage and its enmient may affect the
parameters in FDM 3000 machine. ABS has the abdligorb moisture from its
surroundings as mentioned earlier in the thesisS ABs a saturation point of 0.2%
and it can only have 1.18% increase in diametesrbehe filament can no more be
used in the liquefier. As mentioned earlier, tHevahble filament dimension that can

be used in the FDM liquefier is 1.78 mm to 1.80 mrdiameter.

By conducting this research, one is able to uncdier cause of FDM

machine head problem and identify the root causedterial degradation of ABS



due to moisture absorption. Many users are unawiseich problems which have
caused them to make wrong maintenance and repasia® This leads to costly
repairs and maintenance fees. This work revealsrtbehanism on how moisture
affects ABS properties. With this knowledge at haode can apply this work on
other application such as the use of ABS polymertha injection molding

application, stereolithography (STL), 3D printerphpation and such other rapid
prototyping application that uses ABS as one ofrtiaerial to fabricate any desired
object. Therefore this research contributes togholo are in need to fabricate a
prototype or even ready-to-use manufactured parés@eliminary data to setting up

for parameters to achieve their desired manufagtabgects.

1.6 Objectives of theresearch

To determine the role of moisture in ABS propergihdation, several
objectives need to be achieved. By achieving tbhégectives only that one would be
able to solely determine the role of moisture inSABroperty degradation. Below

explains the objectives of the research.

1) To study the effect of moisture absorption on ABS&tenal swelling after
exposure at ambient condition and in controlledremments.
Although previous research stated that moisturentmgt have interfered with FDM
machine process, it was observed that ABS filamamdergoes changes when
exposed for a prolonged time under certain enviemal conditions. By changing
the properties of the ABS, it can be assumed thedet changes may contribute to

FDM machine downtime when the exposed materialsesdu Hence, proving that



moisture from surrounding environment affects ti&SPespecially its properties and
behavior becomes one of the goals in the reseBrclproving that there are effects
due to moisture, the researcher will be able tateehe connection between moisture

in ABS and how it contributes to FDM machine downsi

2) To study the physical, chemical, and thermal bedralyy means of analysis
and relate the effects to FDM machine.
In terms of experimental data, the physical charmjesBS due to moisture will be
discussed. The physical change in ABS includeslifummeter of the material and the
weight of the material. These discussions latextes| to latter objectives on proving
that moisture affects thermal behavior and chenstrakcture of ABS filament. Such
relationships are important to be discussed asigdlyshanges in ABS might have

contributed to the quality of extruded ABS partsdl atso the FDM machine itself.

3) To model the effects of moisture on melt behavior.
In order to prove that there are changes obsemvedalmoisture absorption in ABS,
heat distribution simulation in the FDM liquefiex essential. Hence, the research is
conducted such that behaviors obtained from experiah results can be applied in
the simulation thus simulate what really happenghe liquefier when moisture is

subjected in ABS (the common material used in FDM).

4) To establish a guideline for machine handling of SABpool material for
FDM 3000 so that its shelf life is prolonged
The results of this work will be a guideline on ttendition to store and protect the

ideal ABS from moisture, thus enable its use fogkr shelf life.



1.7 Thesis Organization

This thesis is basically divided into 5 major pars Chapter 1, 2, 3, 4 and 5.
Chapter 1 discusses a general overview of the ndse@he chapter discusses on
rapid prototyping and its current issues partidular Fused Deposition Modeling.
The working principle of the FDM is also discussedthis chapter. Chapter 2
discusses on the literatures related to the redseAry formulas and finding related
to the research will be discussed particularlyhi@ thapter. Chapter 3 explains the
instrumentation and experimental part of the redearhe chapter discusses on how
samples are prepared and how the experiments adeicted. The modeling part of
the research is also discussed in this chapter.didoeission particularly discussed
on how the liquefier was design for the modelingt @nd the requirements to
conduct the model. Chapter 4 discusses the resbttsned. All the data obtained
will be discussed in this chapter. Additionallysuéis from simulation model of the
liquefier will also be discussed. Chapter 5 sumpmegiand concludes the research
study. Any suggestions on a further study for #msearch will also be discussed in

the chapter.



Chapter 2: Literature Review

2.1 Overview

Chapter 1 has introduced the basic knowledge attmutFDM and ABS
material. Although basic knowledge of the reseadscimportant, a more specific
knowledge on the ABS and the FDM is very cruciahisTliterature review will
discuss on the basis of this research which inwiaany different ideas from FDM
and ABS related research. Detailed propertiesDiFand ABS are discussed. The
concept and ideas on the thermal equations invaivede liquefier, how moisture
would affect the ABS in terms of its microstructamad its rheology and bonding and
cooling during extrusion are discussed. The fiest f{deas will involve the bonding
quality of ABS and such. As this review progresdas, latter will involve much
about the heat transfer within the FDM itself pararly the liquefier. All these
ideas will assist the research and provide a bettderstanding in the research itself.

These ideas could also provide strong argumentfh&odiscussion chapter later on.

With this division of sub chapters and depth ofstheub chapters, readers
will be able to relate the topics to how the olijext and discussion of the research

are achieved.

2.2 Types of Rapid Prototyping Systems
Since FDM is the primary RP technology that willlesearched and studied,
this sub section will emphasize more on the mdtextlition RP technologies.

Basically it works by adding layers of material catea time to build the solid part



from bottom to top. Starting materials can be dfedent kind which includes (1)
liquid monomers, (2) powders and (3) solid she&tsdistinguish various material
addition RP technologies, its method of building adding layers to create the solid
part is considered. The common approach to prepareontrol instructions in all
the current material addition RP techniques invelvgeometric modeling,
tessellation of the geometric model and slicing mn@del into layers. More about

types of RP systems will be introduced furthermia second chapter.

221 Liquid based RP systems

Stereolithography (STL or SLA) was the first materaddition of RP
technology, which dates back to about 1988 andduited by 3D Systems Inc based
on the work of inventor Charles Hull [4,6]. It ispaocess of fabricating a solid
plastic part out of a photosensitive liquid polymesing directed laser bean to

solidify the polymer. The general setup is showfigare 2.1 below.

Laser Source
\ Eleftor Lefags

mn 11
Laser Beam —>/I:\\ Oh=

0 F——
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_ ; \ _
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! \ [OH—1©
1 \
| v_/ __ 1 _\__ __[]1]
Platform >| I ] S
Photopolymer >
Resin
Vat —>» )
77 7 7 7 77 77 777777

Figure 2.1: General setup of stereolithography

10



Fabrication of part is accomplished as a seridayafrs with each layer being
added onto one another to gradually build the dddinree dimensional geometries.
Photopolymers used for STL are typically acrylithalugh epoxy is also used. The
starting materials are liquid monomers which wel fpolymerized upon exposure to
ultraviolet light produced by helium-cadmium or @ngon lasers. Photopolymers are
95% cured after layers being formed. Parts are €dakn fluorescent oven to
completely solidify the polymer and alcohol is usedemove excess polymer. Light
sanding is used to improve smoothness and appear@me of the advantages of
stereolithography is its speed in manufacturingsparhere are parts that can be
manufactured as shortly as within hours to more thalay depending on the size
and complexity of the object. The parts made byestéhogrpahy are also strong
enough to be machined and can be used as mastempafior casting processes.
Although parts can be made fast and versatile todsel in machines, the cost to
produce these parts is often expensive. Furthernmawehese parts are made by
photo-curable resin, often not these parts woulgeggnce dimensional instability

(shape warping) when exposed to sunlight [3,6].

Solid ground curing (SGC) is similar to STL excépat the entire layer is
exposed to an ultraviolet light source through ashkniat is positioned above the
surface of liquid polymer to accomplish the curwifga given layer [4]. Hardening
process takes 2 to 3 seconds for each layer. @htingtdata in SGC is similar to the
one used in STL. Solid cubic form created in SG@seis of solid polymer and
wax. The wax provide support for fragile and ovewdiag features of the part during
fabrication but it can later be melted away to &e#we free standing part. There will

be no post curing needed for the completed partlwBITL needed. With a stable

11



built environment, the possibility curing and wangiof the product can be reduced.
SGC is also able to produce prototypes with comgleametries and can be done
overnight with attended operation (i.e. the buildes are predictable). Supports are
not required in SGC process. Although there woer’'tdny warping and curling of

products, this process needs constant supervibiemce they are labor intensive.
There is also an excessive waste of resin and Wag. to the need of constant
supervision, excessive downtimes have been reppft8fl Figure 2.2 below shows

a setup of a solid ground curing process.
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Figure 2.2: Setup of a Solid Ground Curing process

Droplet deposition manufacturing (DDM) operates roglting the starting
material and shooting small droplets onto a preslptormed layer [4]. A new layer
is formed by cold welding the liquid droplets ont® surface. Similar to other RP
systems described before, the deposition of drefpteteach new layer is controlled

by moving x-y spray nozzle workhead whose pathaseld on a cross section of a
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CAD geometric model that has been sliced into layAlthough several commercial
RP systems are based on this general operatingigdan the types of material
deposited and the corresponding technique by wihiehvorkhead operates to melt
and apply the material differentiates the systeM&x, thermoplastics, and metals
with low melting point are used as starting matefoa this kind of technology.
With DDM, products have good dimensional accurany surface finish. However,
DDM requires more time to build up a prototype. &t&tl selection for this process

is also limited to low melting temperature of theptastic and wax [9].

2.2.2 Solid based RP systems

Funded by the National Science Foundation, Helisys was the first
company that offered laminated object manufactuib@M) systems that was
researched and developed before it was shippe@9th 4]. LOM produces a solid
physical model by staking layers of sheet stock #v@ each cut to an outline
corresponding to the cross sectional shape of a @&Del that has been sliced into
layers. Prior to cutting, layers are bonded ondbpnother while its excess material
remains in place to be a support for the part dubmilding. Paper, cellulose, plastic,
metals or fiber reinforced materials can be ofgligtem’s starting material as long
as it is in sheet stock form. When layers are cetepl the new part is separated
from the excess external material using hammety puife, and wood carving tools.

Sealing application is recommended to prevent masabsorption and damage.

Fused Deposition Modeling (FDM) was developed batasys Inc and sold

its first machine in 1990. It is an RP process hiol a filament of wax or polymer

13



being extruded onto the existing part surface feomorkhead to complete each new

layer. More about FDM will be discussed in its mdual section (Section 2.5).

2.2.3 Powder based RP systems

Developed by University of Texas (Austin) as aeralative to STL and now
currently marketed by DTM Corporation, selectivaeia sintering (SLS) uses a
moving laser beam to sinter heat-fusible powdel@@as corresponding to the CAD
geometric model one layer at a time to build thHedgmart [4]. A new layer of loose
powders is spread across the surface using a caotaéing roller after each layer is
completed. To facilitate bonding and reduce digiartthe powders are preheated to
just below their melting point. Contrary to STL, Shas a more versatile process in
terms of possible work materials. Polyvinylchloridpolycarbonate, polyester,
polyurethane, ABS, nylon, and investment casting ar@ the current materials used
for SLS. These materials are less expensive thaneins used in SLA. Metals and

ceramic powders are also being used in SLS.

Three dimensional printing (3DP) technology was dleped at
Massachusetts Institute of Technology in whichuiids a part in the usual layer by
layer fashion using an ink jet printer to eject @sliie bonding material to successive
layers of powders [4]. The binders hold the powderform a solid part while the
unbonded powders remained loose to be removed TEterloose powder provides
support for overhanging and fragile features of pgagt. When build process is

completed, the part is heat treated to strengthenbbnd and remove the loose
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powders. Powders of ceramic, metal, or cermet see as starting materials in 3DP.

For binders, binders that are polymeric or collbgiica or silicon carbide are used.

2.24 Virtual Rapid Prototyping
Another technique in the process of product deveku is virtual

prototyping. This process involves computer-aidesigh (CAD) and computer-
aided engineering (CAE) software to validate aglefiefore committing to make a
physical prototype [10-11]. A computer generatedngetrical shapes for the parts is
created and later combined into an ‘assembly’. rAfiembined into an assembly,
different mechanical motion, fit and function arppked to the prototype. The
assembly may also be an aesthetic appeal to theewvengemble. These assemblies
or individual parts could be opened using CAE saftwto simulate the behavior of

the product in the real world.

By using virtual prototyping, engineers and scintan design, optimize,
validate and visualize their products digitally ahluate different design concepts
before incurring the cost of physical prototypesalstic machine operations can be
visualized, estimating cycle time throughput, detiee whether the product will fail
and glean important information about the dynanmebdvior of the design. With
virtual prototyping, alternatives to design to iroype prototype performance and
design quality can be done without investing as lmtime and money required

building physical prototypes.
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2.3 Applications of RP

Rapid prototyping is being applied in a vast numbérfields such as
aerospace, automotives, architecture, and medittex@pplication can be classified
into three major categories including design, eagimg analysis and tooling and

manufacturing.

Design is the initial application of RP as designare able to confirm their
design by building a real physical model in minimtime using rapid prototyping.
Instead of communicating by paper drawing or digplan CAD system monitor, the
functions and features of the part can be propartjerstood with the availability of
RP systems. With reduced product development cyictee, product can be

distributed into the market faster hence benefjttee manufacturers.

Without a physical entity, certain types of engmeg analysis and planning
activities may have not been able to be accompliskience the existence of RP
fabricated part allows these analyses to be coeducin such circumstances where
engineers and scientists has to simulate difficsiluations (i.e. hazardous
environments, bridges, aeroplanes) where physagadl prototyping is not possible,
virtual rapid prototyping provides an alternative dimulating and analyzing these

products.

It has become a trend in the RP applications t@ineca greater use in the
fabrication of production tooling and in the actoanufacture of parts [3]. The term
rapid tool making (RTM) is used to distinguish tlHR$ adaption in fabricating

production tooling. RTM applications is divided antwo approaches i.e. indirect
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RTM method in which pattern is created by RP aredghttern is used to fabricate
tools and direct RTM method in which RP is appltedfabricate the tool itself.

Other areas that apply rapid prototyping technologjude arts and archeology.
Complex art sculptures can be made through raptbtyping. Precious historical
artifacts (i.e. ancient sculptures, bones) can lésprototyped/duplicated with rapid
prototyping technology. Although RP is moving todsrthis trend, it can be said
that not all RP technologies can be used for th@ieation due to limited product
accuracy, short tooling life (in such circumstanedere parts produced from rapid
prototyping are used directly in machineries anddpcts) and material mismatch

(different product material).

2.4 Advantages and disadvantages of RP systems

Designs attributed to RP could reduce lead timeptoduce prototype
components and improve a designer ability to vigaahe part geometry based on
its physical existence. With the ability to visaalipart geometry, earlier detection
and reduction of design errors can be accompliskaedineers and scientists alike
will also be increasingly capable to compute masgpgrties of components and
assemblies. As said earlier, by reducing produgtld@ment lead time, the time to

market of these products can be reduced.

It can be said that being able to compute thespepties become a factor to
engineering analysis and planning activities toaseomplished. Comparison of
different shapes and styles to optimize aesthgpigeal can be done with the

existence of RP parts. The analysis of fluid flewnd tunnel test, stress analysis and
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fabrication of preproduction parts can all be devith the existence of these RP

parts.

Even though the existing of rapid prototyping temlogy has only been
around for 23 years [14], this technology is rapidtivanced with several known
issues with it. Part accuracy, limited variety dditerial and mechanical performance

of fabricated parts become the principal probleriik the current RP technology.

Mathematically, process related and material rdlasésues become part of
the reasons that these products could not achinevddrived accuracy. Mathematical
errors that contribute to part accuracy includeraximations of parts surfaces used
in RP data preparation and the differences betvibenslicing thickness and the
actual layer thicknesses in the physical part which cause z-axis dimensional
errors [12-13]. With an increased layer thicknestgjrcase effect becomes more
apparent for a sloping part surface hence becomemteerent limitation to the
produced part. Manufacturing industry that usessi&®em results in process related
errors. The errors degrade each shape of each &syevell as the registration
between adjacent layers. Consequently, Z-axis diloancan also be affected.
Shrinkage and distortion are few of the materidatezl errors occurred in RP
technologies. By enlarging the CAD model of thetpliased on previous experience

with process and material, the allowance for stage&can be obtained.

Mismatches in materials and mechanical properaeses prototypes to have

different behavior than production parts. Residstess-driven delamination or

debonding between successively deposited isotmopiterial layers associated with
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any process involving successive deposition of retelayers at elevated
temperatures, such as multi-layered films or cagaticauses’ material mismatch
[12]. Residual thermal stresses build up are dube free thermal contraction of a
newly deposited material experiences as it soéidifiand cools. This causes
delaminations between layers as residual stressssaa the driving force in the
extension of interfacial cracks from the edges h#d part towards its center. As
delamination propagates, mismatch occurs and hemmgromising its mechanical

properties and behavior.

Although overall cost reduction in the completeduct development cycle is
drastically reduced, the cost-per-piece of as-pypt part is still high. This is due
to the high cost in producing the prototyped. Agidgrototyping technology is still
new and still developing, reducing the cost to piedprototypes has not been the
priority. Hence the cost-per-piece of as-prototypedt is still expensive. Virtual
rapid prototyping might reduce the cost for as-piygied part yet there are limits to

what prototypes can be created virtually.

Rapid prototyping technology uses a specific ddt fbrmat before the
machines are able to produce parts or prototyasdy STL files are allowed for a
standard CAD data format. Data derived from othmiree such as scanned data
from a CT scanner, MRI or even 3D laser digitizexs hto be converted or
reconstructed in 3D CAD format before being tramsi@ into rapid prototyping
machine. By converting or reconstructing these ,dsdane detailed information i.e.
part geometry, detailed features might be lost iogusaccuracy in the prototype

produced.
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2.5 Fused Deposition Modeling (FDM)

251 FDM operating principles

There are basically four main parts in the Stratasgdeling system [15]. They are:
a) Slicing Software

b) Computer Workstation

c) FDM 3000 Modeler

d) Modeling Materials

Before producing a part using the FDM, a CAD fileiIshbe created. The
CAD file then must be converted to an STL formateTSTL file is later read into
Stratasys slicing software named Insight. Insigi®aks the model into individual
slices, with each slice representing one layer afemal. The software will then
generate tool paths to fill the slices. These paths form the SML file. After slicing
the STL file and create a Stratasys Modeling Laggu®ML) file, the SML file is

then downloaded to the FDM Hardware for modeling.

In the FDM hardware, the FDM head moves in twoZurtal axes across the
foundation and deposits a layer of material forheslice. The material is heated by
the FDM head so it comes out in a semi-liquid stétee successive layers are then
fused together and solidify to build up a productrmdel of the design. Figure 2.3

shows a zoomed view of the FDM 3000 liquefier.
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Figure 2.3: Zoomed in view of FDM 3000 liquefier

WaterWorks Soluble Release is one of the featureSDM 3000 [15-16].
With a bench top unit standing forty-five and oredf hnches high with a 26 x 36
inch footprint, the FDM 3000 would be consideredac$maller size than the latest
FDM-s [4]. Since this machine does not require eshahood or other special

facilities, it can be placed next to the design&@AD workstation for convenience.

2.5.2 FDM machine parameter
There are several process control parameters théd @affect the properties of

FDM parts [17]. They are listed as follows.

» Bead (or road) width: This is defined as the thickness of the beaddqad)
that the FDM nozzle deposits. This length can viaoym 0.012 inches to

0.040 inches for the T12 nozzle installed on thevVIFRachine. One should
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bear in mind that for this particular nozzle, theath width is of previous
stated dimension. A different type of nozzle (T10 Td6) will result a
different bead width.

Air Gap: This is the space between the beads of FDM matéha default
value is zero which means that the beads touch @heln. This space can be
modified to leave a positive gap so that the beddbe material would not
touch. A non-zero air gap would result is a looseacked structure that
builds rapidly. A negative gap can also be spedifivhich leaves the beads
to occupy the same space. This results a closetikeplastructure with a
longer build time. This parameter also has a lanfleence on the bonding
between roads within and between layers and onrelealting material
density.

Model Build Temperature (or Liquefier Temperature): This is the
temperature of the heating element for the modeena This temperature
controls how mechanical properties of the materal or the extrusion flow
as it is extruded from the nozzle. The temperatdse influences the fiber
solidification characteristics and also the molacudliffusion bonding process
between the filaments. For FDM process, this igittcal parameter which
requires correct setting for a given build matepiaperties.

Raster orientation: This is the direction of the beads of materialafte)
relative to the loading of the part. This parametantrols the filament layout
within and between material layers.

Nozzle Speed during Extrusion: This parameter controls the cross section

geometry and volume of the extruded filament.

22



* Normalized Extrusion Flow Rate: This parameter controls the bulk-
filament feed speed to the extrusion head. Thisievalorresponds to the

filament width which is proportional to the volunietflow rate.

There are also other parameters such as enveloyeetature, increment in
nozzle height and interlayer configuration whickeefs the FDM end product [17].
These parameters are ignored as they affect therexdct similar to the parameters

mentioned above and are insignificant.

25.3 FDM liquefier parameter study

Yardimci study the conceptual framework for therthal process modeling
of fused deposition [19-20]. They examined theoraie behind a cooling process
model. This is important on a need to know basisoa$ing process allows the semi
molten material to bond to each other diffusivéiie thermal energy absorbed by
the building material during heating and extrusienthe drive to this bonding.
Severing the structural stability of a part produdering fused deposition may have
been caused by premature cooling. Premature comdithgces total residence below
prespecified value of thermal energy resulting fiisient bonding hence severing
structural stability [21-22]. Apart from the vaii@t of strengths in the finished part
depending on its road interaction model, effecheét transfer coefficient may be
clearly seen by comparing the relative magnitudebomding potential. Although
this study will not be use extensively as a basrstlie research, it is essentially

important to know for the study in thermal simuatiof FDM liquefier later on.
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Nevertheless, the cooling process does play adigyin the structure stability of

finished products extruded using FDM.

One may argue if there is a need to understanchtitbematical relations of
a liquefier dynamics in fused deposition yet thgyea on such circumstances that it
is essential to understand a part of the matheelatiodel. Being the centre of fused
deposition process extrusion is a process duringhwtme thermoplastic filament is
introduced through mechanical pressure into thaehigr then extruded to form
desired product. Since the rollers are the onlyedmnechanism in the material
delivery system, filament goes under stress upsiréa the roller and under
compression downstream acting as a plunger whidisesjuently becomes the
driving force in extrusion process. To overcomehessure drop across the system,
the force required needs to be sufficient enoudpins $trictly depends on the viscous
properties of the melt and also the geometry ofitheefier and nozzle [23]. For this
particular research, the geometry of the liquefied nozzle is set to be constant.
Thus the idea of studying effects of moisture @fceus properties of melt affecting

the force needed to overcome pressure drop islgtieserved and studied.

As melts adhere to liquefier/die walls, materiais kkely to be subjected to

shear deformation during the flow. Shear rateutaton is shown in equation (2.1)

below. y is shear rate andiv/dr is the rate of change in velocity with the chamge

distance.
: dv
= 2.1
Y=g (2.1)
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